We performed first principles density functional theory calculations of Bi 12 GeO 20 , Bi 12 SiO 20 , and Bi 12 TiO 20 sillenites compounds, in order to determine its bonding and electronic structure. Ultra-soft pseudopotential method based on GGA was used in order to relax the ion positions. Augmented Plane Wave (APW) method was used to investigate the electronic properties of three sillenites. We have compared the theoretical structure of the BiO 7 polyhedron, and MO 4 tetrahedra with the experimental data. The electron densities were used to analyze the lone pair from BiO 7 polyhedron.
Introduction
Sillenite crystals (Bi 12 MO 20 , M = Ge, Si and Ti) present a number of properties, such as photorefractive, piezoelectric, electro-optical, photoinduced absorption, optical activity and photoconductivity [1] [2] [3] [4] [5] . These three compounds, Bi 12 SiO 20 (BSO), Bi 12 GeO 20 (BGO) and Bi 12 TiO 20 (BTO) are optically active, which was verified by measurements of optical dispersion coefficient in the visible spectral range (500-800 nm) [6] [7] [8] [9] [10] [11] . They differ primarily on the M atom, and despite this small difference, BTO (Bi 12 TiO 20 ) has higher photosensitivity to the red light and has lower optical activity [6] , which ensures to BTO advantages for applications in holography. Another important property is the photocatalytic activity of sillenites, which has been extensively studied and is comparable to those of TiO 2 [12] [13] [14] [15] .
Sillenites have body-centered cubic structure and belong to the I23 space group, with no center of inversion [16, 17] . This cubic unit cell has center and vertices occupied by M atoms tetrahedrically coordinated by four oxygens. The Bi atoms are coordinated by seven oxygen atoms that lie at the vertices of an irregular BiO 7 polyhedron. The properties of BiO 7 polyhedron were studied based on structure of c-Bi 2 O 3 [18, 19] .
Theoretical researches on sillenites involve band energy calculations of BSO and BGO [20] , photocatalysis analysis of BTO [21] [22] [23] , effect of pressure on BSO [19] , and comparative study of crystal structures of three sillenites [24] .
Lin et al. [12, 14] suggested the existence of the lone pair and the formation of dipole moment due to the large angle in polyhedron BiO 7 . Therefore, a more detailed study of the lone pair is of interest.
The main purpose of this work is to evaluate the bonding and electronic properties of sillenites structures (Bi 12 MO 20 , M = Ge, Si and Ti). This was achieved through the following studies:
(i) compare the theoretical structure of the BiO 7 polyhedron, and MO 4 tetrahedra (M = Ge, Si and Ti) with the experimental data; (ii) calculate the electron densities; (iii) analyze the lone pair from BiO 7 polyhedron; and (iv) calculate the partial densities of M = Ge, Si and Ti orbitals, and compare to the bonding characteristics.
Computational details
Periodic calculations were performed for three sillenite structures (Bi 12 MO 20 , M = Bi, Si and Ti) by means of density functional theory (DFT) [25] . The primitive cell of Bi 12 MO 20 contains 33 atoms, of which the non-equivalent Bi on Wyckoff position 24f, and M on position 2a [4] . The positions of the nuclei were relaxed using the US-PP method with eigenstates expanded in basis functions like plane waves. The energy cutoff was 420 eV and k-points mesh was 3 Â 3 Â 3 in the first Brillouin zone. All the forces were converged with criteria less than 0.07 eV/atom. The quasi-Newtonian algorithm was used to relax the nuclei positions. Exchange and correlation effects were obtained according to the generalized gradient approximation (GGA) [26] , using the Vienna ab initio simulation package (VASP) computer code [27] . The O 2s 2 2p 4 , Bi 5s 2 5p 6 5d 10 6s 2 6p 3 , Ge 3d 10 4s 2 4p 2 , Si 3s 2 3p 2 and Ti 4s 2 3d 2 valence states were treated.
Topological analysis in the valence electron configuration was performed by means of electron localization function (ELF) implemented in the VASP computer package [27] . The procedure is basically analyzing the charge density for a homogeneous electron gas at ELF = 0.8. The investigation of the 6s 2 electron pair of Bi (lone pair) [1, 4, 28] is of interest to explain the structure of BiO 7 polyhedron. For Brillouin zone (BZ) integration, a mesh of 15 k-points in the irreducible part was used to extract the electronic properties. GGA was also used for the exchange and correlation effects. The electronic states considered in the valence were the same states included in the relaxation of the nuclei positions.
The electron densities of the sillenite structures Bi 12 MO 20 (M = Ge, Si and Ti) were calculated using the WIEN2K [29] computer code, by the tetrahedron method for integrations in Brillouin zone developed by Blöchl and co-workers [30] . The basis function used was the Augmented Plane Wave (APW) [31] .
Results and discussion

Structure
We have compared our relaxed positions (Table 1) obtained with VASP program with the recent results of the literature [24] . Of particular interest is to verify the positions of the seven oxygen atoms closest to bismuth, since it is suggested that the optical properties of sillenites are strongly linked to the distorted BiO 7 polyhedron [4] . In all experimental studies it was found that these seven oxygen atoms are at different distances in relation to the Bi of BiO 7 polyhedron. Besides, the positions of oxygen atoms around the M atom are useful in understanding the electronic structure of these materials. Figure 1 shows the bulk relaxation results for the positions of nuclei from sillenite structures. The bulk cell parameters were a = 10.00 Å for BGO and BSO, and a = 10.35 Å for BTO, which correspond to À1.43% for the BGO, À1.03% for the BSO, and +1.59% for BTO compared to experimental results at room temperature [16, 17, 32] . Figure 1 also depicts the local structure around Bi (BiO 7 irregular polyhedron) and around the M ion (MO 4 tetrahedron, M = Ge, Si and Ti) of sillenites obtained in this study. There [33] [34] [35] . Specifically, electronic study of anatase structure showed that GGA overestimates the cell parameters [33] , which could explain our results for BTO. Differently from the total plane wave results [24] , our calculated relaxation shows only seven oxygen atoms around Bi, in accordance to the experimental data [16, 17, 32] .
Electronic properties and bonding
Bi 3+ is coordinated by three oxygen ions, as follows: O(1a), O(2) and O(1b). Lin et al. [13, 14] suggested that the largest distance between Bi and O(1d) and O(1e) atoms is due to the Bi 6s 2 lone pair. Figure 2 shows the electron density map for BGO, BSO and BTO. These density maps show almost the same electron density, with exception for Ti with the largest degree of ionic bonding, while Bi shows the largest degree of covalent bonding for BTO. This is probably due to the 3d electron of Ti, which plays an important role for the electronic and optical properties of these materials. The structure and chemical bonding of Ti oxides were carefully studied and discussed [36, 37] , which support our results. Glassford and Chelikowsky using LDA estimated a 60% of ionic bond for TiO 2 . Silvi et al. [38, 39] using periodic Hartee-Fock shows a partially ionic character of TiO 2 and predicted a 75% of ionic character. Souza and Illas [36] have studied the nature of chemical bond in several Ti oxides using Hartree-Fock and multireference configuration interaction (MRCI) wavefunctions, and found a 57% of ionic character.
The nature of chemical bond influences the magneto-optical properties of these materials. Therefore, an ELF analysis was performed for BGO, BSO and BTO structures (Figure 3 ). The image was produced with ELF = 0.8 to show the interaction in the structure. Figure 3a depicts the ELF isosurface for the valence electron configuration of the BiO 7 polyhedron, and the MO 4 tetrahedron of BGO, for the BiO 7 cluster BSO and BTO shows the same trend. The main difference is for the MO 4 tetrahedron (Figure 3b-d) , showing an increase of ionic character from BGO and BSO to BTO. These differences of bonding character should be explained in terms of the large spectrum of electronic, magnetic and optical properties of BGO, BSO and BTO materials. Figure 3a confirms the existence of an extensive Bi 6s 2 lone pair (isotropic), and show that there are other lone pairs associated with oxygen atoms. The van der Waals interactions are important for the photosensitivity of these materials. Tikhomirov and co-workers [40] reported on a comparative study of photosensitivity of chalcogenides. They related the suppression of photosensitivity to the lack of van der Waals bonding in such structures, suggesting that photosensitivity in chalcogenide glasses is accounted for by photoinduced change in polarizability of van der Waals type hyperpolarizable bonds. Therefore, we expect that BTO has the largest influence from this lone-pair. Figure 4 presents the calculated partial density of states (PDOS) of sillenite structures for crystallographically non-equivalent atoms: Bi, O(1), O(2) and O(3). The conduction band is from 2.5 to 7.50 eV for the three sillenites structures, and is dominated by the Bi 6p states. Otherwise, Bi 6s states are concentrated in a single band centered at À8.75 eV in accordance to the theoretical results of Bi 4 Ge 3 O 12 and Bi 4 Si 3 O 12 structures [41] . It was found that the region ranging from À20.0 to À22.5 eV is completely populated by Bi 6d states in accordance to Lima and coworkers [24] . The valence band goes from 0 to À5.00 eV for the three structures, and is dominated by 2p states of oxygen atoms, having also contributions from bismuth. Bi 6s and Bi 6p states in the valence band suggest hybridization, which is in accordance to the covalent bond formation between Bi-O [20] .
Conclusions
In this work it was performed an ab initio study of Bi 12 GeO 20 , Bi 12 SiO 20 , and Bi 12 TiO 20 sillenites compounds, in order to determine its bonding and electronic structure. We have used the ultra-soft pseudopotential method based on DFT and implemented in the VASP code to relax the atomic positions. The investigation of the bonding properties and the electronic structure was performed by means of ELF. We have used the method of Augmented Plane Wave (APW) implemented in code WIEN2K.
The structures resulting from the relaxation of atomic positions indicated seven oxygen atoms around the Bi, forming the BiO 7 polyhedron. The relaxation also showed four oxygen atoms around the M ion (M = Ge, Ti and Si), forming a MO 4 tetrahedron. The theoretical results confirm an extensive and isotropic Bi 6s 2 lone pair. Furthermore, lone pairs associated with oxygen atoms were also found. Density maps shows that Bi has the largest degree of covalent bonding for BTO.
